All body pigment cells in vertebrates are derived from the neural crest. In fish the neural crest can generate up to six different types of pigment cells, as well as various non-pigmented derivatives. In mouse and zebrafish, extensive collections of pigmentation mutants have enabled dissection of many aspects of pigment cell development, including fate specification, survival, proliferation and differentiation. A collection of spontaneous mutations collected from wild medaka (Oryzias latipes) populations and maintained at Nagoya University includes more than 40 pigmentation mutations. The descriptions of their adult phenotypes have been previously published by Tomita and colleagues (summarised in Medaka (Killifish) Biology and Strains, 1975), but the embryonic phenotypes have not been systematically described. Here we examine these embryonic phenotypes, paying particular attention to the likely defect in pigment cell development in each, and comparing the spectrum of defects to those in the zebrafish and mouse collections. Many phenotypes parallel those of identified zebrafish mutants, although pigment cell death phenotypes are largely absent, presumably due to the different selective pressures under which the mutants were isolated. We have identified mutant phenotypes that may represent the Mitf/Kit pathway of melanophore specification and survival. We use in situ hybridisation with available markers to confirm a key prediction of this hypothesis. We also highlight a set of novel phenotypes not seen in the zebrafish collection. These mutants will be a valuable resource for pigment cell and neural crest studies and will strongly complement the mutant collections in other vertebrates.
Introduction
Pigment cells are amongst the most prominent cell-types and hence pigmentation mutants have attracted geneticists from the earliest studies of inheritance. In mammalian and avian genetics, the presence and pigmentary status of pigment cells have been monitored indirectly through their effects on hair/feather and skin colour, while in fish genetics they can be monitored directly. Their prominence makes them eminently suited to genetic screens and hence large mutant collections have been built up in several species Silvers, 1979) .
The mutant collections from these model systems have been critical in the elucidation of biochemical pathways, developmental processes and cancer genetics (reviewed in Jackson et al., 1994; Wellbrock et al., 2002) . All body pigment cells in these organisms are derived from a transient structure called the neural crest (Le Douarin and Kalcheim, 1999) . One pigment cell type, the melanocyte, has been a key case study for understanding the basis of neural crest cell development and disease. Critical genes affecting the specification of melanocyte fate (sox10 and mitf; Dutton et al., 2001b; Herbarth et al., 1998; Lister et al., 1999; Opdecamp et al., 1997; Southard-Smith et al., 1998; Steingrimsson et al., 1994) , melanocyte survival (kit; Parichy et al., 1999; Steel et al., 1992) and melanocyte differentiation (e.g. tyrosinase and dct; Jackson and Bennett, 1990; Jackson et al., 1992) have all been identified and studied. Amongst these mutant collections are models for a variety of human genetic diseases, including Waardenburg -Shah syndrome (Dutton et al., 2001b; Herbarth et al., 1998; SouthardSmith et al., 1998) and tumorigenesis (Malitschek et al., 1995) .
The best-known collection of pigmentation mutants is that for the mouse (Silvers, 1979) . Aberrant mice have been kept by mouse fanciers for over a century and form the basis for mammalian pigmentation studies. More recently, systematic mutagenesis screens for mouse pigmentation mutants have begun (http://www.gsf.de/ieg/groups/ enu-mouse.html). In total these continuing screens have identified over 100 loci affecting body pigmentation (Bennett and Lamoreux, 2003) .
Although still a relatively new model organism, the zebrafish has also contributed to the resources available for analysis of pigment cell development, with several key loci isolated in early genetic studies (Johnson et al., 1995; Kirschbaum, 1975; Streisinger et al., 1989; Streisinger et al., 1986) and over 90 loci identified in a large-scale mutagenesis screen that included a systematic search for pigmentation phenotypes Odenthal et al., 1996) . An initial overview of the zebrafish pigmentation mutants resulted in a phenotypic classification, which was subsequently tested and extended into a working model of the role in pigment cell development of most loci affecting melanophores . One focus of this work to date has been on a small subset of mutants proposed to identify genes critical for pigment cell fate specification from multipotent neural crest cells. Tests of these hypotheses have largely confirmed this proposed role (Dutton et al., 2001b; Elworthy et al., 2003; Kelsh and Raible, 2002; Lister et al., 1999 ; S.S. Lopes and R.N.K., in preparation). Another major contribution has been in the study of adult pigment pattern development, work that has identified several key loci affecting the beautifully striped adult pattern. These studies have lead to a model of genetically-independent populations of adult melanophores that generate stripes through cell -cell interactions with iridophores and xanthophores (Hukriede et al., 1999; Johnson et al., 1995; Parichy et al., 2000a,b; Parichy et al., 1999) .
Pigmentation studies in medaka have a history reminiscent of that in mice. Medaka breeders, chiefly in Japan, have long searched for novel strains of medaka. In the second half of the Twentieth Century Professor Hideo Tomita of Nagoya University systematically studied the genetics of natural variants isolated from wild populations or from ornamental stocks in Japan. Tomita's collection has been maintained at Nagoya University, is housed in the Bioscience and Biotechnology Center and consists of approximately 94 strains (Tomita, 1992a) . Some 44 of these loci affect wild-type (WT) pigmentation.
These medaka mutants are an important resource. Firstly, together they provide a model for understanding human pigment cell biology. Although to date few of these genes have been cloned, one of these, Brown (B), required for normal melanin synthesis, was shown to encode AIM1, a novel protein with homology to plant sucrose transporters that is conserved in mammals (Fukamachi et al., 2001) . In parallel, the mouse homologue was identified as the gene encoded by the underwhite locus and homozygous mutations were identified in a patient with oculocutaneous albinism 4 (Du and Fisher, 2002; Newton et al., 2001) . Secondly, one of these medaka mutants, Double anal fins (Da), shows a dramatic dorsal duplication of the ventral tail (Tamiya et al., 1997; Tomita, 1975) and clearly represents an exciting avenue into the control of axis polarity in vertebrates. Thirdly, these mutants are important in understanding neural crest development. Whilst mammals have only one type of chromatophore, the melanocyte, fish have up to six (Fujii, 1993) . Zebrafish and medaka embryos share three of these, the melanophore (equivalent to the melanocyte), xanthophores (yellow due to pteridine-containing pterinosomes) and iridophores (silver or gold and shiny, due to reflecting platelets containing guanine crystals). In addition, medaka have a fourth cell-type, the leucophore (white or cream coloured, not shiny), which may represent a specialised iridophore (Bagnara, 1998; Lamoreux et al., personal communication) ; leucophores have been described only in the tail of adult zebrafish (Johnson et al., 1995) . Understanding the genetic basis for the greater complexity of fate choices in the developing fish neural crest will be an exciting challenge and the medaka mutant collections will be a vital resource. The various pigment mutants in the Tomita collection affect one or more of all these cell-types.
Here we present the first extensive comparison of the embryonic phenotypes of the Tomita collection pigment mutants. Although the adult phenotypes have been described (Tomita, 1975; 1992a) , the embryonic pigmentation has not been described for most of these strains. We pay particular attention to evaluating the aspect of pigment cell development likely to be defective. We compare these phenotypes with those characterised in the zebrafish and mouse and use this to identify three loci likely to function in melanophore specification or survival. We use the available molecular markers in an initial test of these proposals. We identify multiple classes of pigment mutants in medaka that have also been recognised in zebrafish, as well as a set of classes that are unique to the medaka collection. We anticipate that this extensive collection, with its range of interesting and unique phenotypes, will be a marvellous complement to both the zebrafish and mouse systems. As the medaka genome project comes to fruition, the value of this collection will be further enhanced.
Results
We examined the embryonic homozygous mutant phenotypes of representative alleles of 38 of the 44 pigmentation genes in the Tomita collection. Phenotypes are summarised here and in Tables 1 and 2 by category. Seven mutants showed no visible embryonic phenotypes (Table 2 ; Hama and Hasegawa, 1967; Tomita, 1985) .
Wild-type pigmentation
The WT pattern is to be described in detail (Lamoreux, personal communication), but a brief summary of the gross pattern as seen after hatching is included here (Fig. 1) . It should be noted that the pattern is highly reproducible, this character extending to the arrangements of cells within a stripe, their shapes and the intensity of chromatophore pigmentation (with the exception of xanthophores which are rather variable in intensity at these stages). The pattern is clearly homologous to that in zebrafish, being characterised by longitudinal melanophore stripes and widely distributed xanthophores, but there are significant differences. Melanophores form only three actual stripes-the Dorsal Stripe (DS) dorsal to the CNS and muscle blocks; the Lateral Stripe (LS) in the horizontal myosepta of most muscle blocks; and the Ventral Stripe (VS) lying over the gut. The fourth (Yolk Sac Stripe, YSS) stripe in zebrafish is replaced by a group, called the Yolk Sac Cluster (YSC), on the ventral surface of the yolk sac, tightly associated with the yolk blood vessels. Xanthophores give a yellow cast to the head and body and lie just under the skin. A subset of leucophores form very early and are positioned ventral to the hindbrain/midbrain; we refer to this subset as the 'hindbrain leucophores'. Later forming leucophores are also prominent and are associated with the DS melanophores, spaced along the VS in the posterior trunk, and in patches on the lateral edges of the VS over the anterior yolk. The latter position is also a major site for iridophores, although these are most prominent as a covering over the eye. In addition to these major sites, there are smaller clusters of 
Abnormal chromatophore morphology
The size and shape of pigment cells in medaka are usually readily seen, except for xanthophores, where cell boundaries are obscured. Five mutants showed phenotypes best described as changed size or shape of the cells (Fig. 2) .
Both cm and co affected the apparent size of the cells, but each was specific to one chromatophore type (melanophore and xanthophore, respectively; Fig. 2D,G) (Tomita, 1985) . In each case pigment organelles were concentrated in a central position near the nucleus, giving compact but prominent chromatophores. These phenotypes were notable for the consistency of appearance of all cells in each mutant embryo and for the lack of apparently fragmented pigment cells. The co phenotype was not detectable under Poor differentiation of M,L and X: M very variable in pigmentation and shape, L (including HB Ls) white, no yellow pigment in X wl-2 WT 3 Changed L pigmentation NB initially white in WT too, but become orange-not in mutant a Backgrounds symbolised here by WT and b are traditionally known to medaka researchers as BR and bR (or orange-red (OR)). b Value is day post fertilisation (dpf) when phenotype first seen; where embryos not examined at earlier stage when phenotype might be visible, ,symbol indicates that day given is latest day of onset of phenotype; nd, not determined. c M, melanophore; I, iridophore; L, leucophores; X, xanthophore. d The fl-5 phenotype has not been described before. Although isolated by Tomita, he was unable to characterise this locus genetically before his death. Thus, its linkage and allelism to other loci are unexplored. We publish it here with these caveats since its embryonic phenotype is unique.
the dissecting microscope-all embryos looked as yellow as WTs-but was striking at higher magnification. It is likely that both inhibit the radial movement of organelles within the cell, resulting in the impression of reduced cell-size, rather than the actual extent of the cell membrane. Interestingly, in cm mutants melanophores associated with the YSC (i.e. arranged around the yolk sac blood vessels) were not smaller, just paler than normal.
Two other mutants are likely to affect the physiological responsiveness of pigment cells. Different chromatophores respond differently to nascent lighting conditions (background adaptation) with movement of pigment organelles within the cell. We confirmed Tomita's observations that in dm mutants melanosomes were spread more widely than in WT controls under similar lighting conditions, although leucophores showed normal responses at these stages (Tomita, 1992c) . In contrast, in dm-2 mutants, leucophores showed more widely distributed leucosomes. These phenotypes were best seen by comparison with WTs under a variety of conditions, since under certain conditions the appearance of the mutant was reminiscent of the WT; the difference was that in WTs the distribution changes readily according to lighting conditions or stress, whereas in the mutants these changes were less prominent. Mutants for a fifth locus, mm, showed highly variable melanophore morphology. Although in any one fish most cells looked normal, some melanophores, most prominently in the DS, were small and spot-like or sometimes tiny, whilst others were very elongated and pale. Furthermore, gaps in the pattern suggested that some melanophores may be missing. The phenotype suggested a late-onset defect in survival or maintenance of the differentiated melanophore.
Reduced chromatophore pigmentation
As expected, many mutants showed embryonic phenotypes suggestive of poor differentiation of one or more Note the clear reduction in melanophore numbers in the four mutants and the increased leucophore number in ci. The melanophore phenotypes shown for fm and fm-2 are typical of the whole dorsal region (lateral and ventral regions lack all melanophores), whereas the de phenotype is subtler with most of the skin similar to WT, although with areas showing melanophore depletion as shown here. Note also that melanin specks, probably resulting from fragmenting, dying melanophores, were often seen in these three strains. Scale bar represents 0.5 mm (E-I). Note that in dm mutants melanophores expand to meet their neighbours, making it difficult to distinguish the edge of individual cells. Leucophores (cream; p ) were expanded (compare their size to the underlying melanophores) in dm-2 mutants (C). In mm mutants (E), melanophore phenotypes were highly variable, but included very pale melanin (arrow) and holes in the DS pattern that may reflect absence of individual cells ( p ). Individual xanthophores were not visible under transmitted light in WTs (F), but the more concentrated organisation of pterinosomes in co mutants (G) made them prominent. In this and all subsequent figures, views are dorsal or dorso-lateral views of 10 dpf embryos unless noted otherwise; wild-type controls are labelled WT. pigment cell types. These were readily separated into subclasses according to the affected cell type(s).
Pale melanophores. Five mutants affected the pigmentation of melanophores (Fig. 3) . As expected, the i-3 mutant showed a very strong phenotype with no detectable melanin ( Fig. 3B ; Tomita, 1992a) . Of the known tyrosinase alleles, we examined i b ; as has been described this had a strong, but not null, phenotype with only very weak melanisation ( Fig. 3F ; (Koga and Hori, 1997; Tomita, 1992a) . The b and dl mutant phenotypes were weaker than i b , and the dl-2 mutant phenotype was weaker still (Fig. 3B ,E,G). In all mutants where melanin was detectable, the phenotype appeared strongest (i.e. the melanophore palest) in the YSC, presumably a reflection of the more extended, flattened nature of the cells. All mutants except b showed reduced melanin in the pigmented retinal epithelium in proportion to the strength of the melanophore phenotype, with i-3 mutants showing no melanin in the retinal epithelium. b and especially dl-2 mutants were characterised by variability of the melanisation of individual cells. ) were photographed with incident light, revealing the normal number and pattern of creamy-orange leucophores; panels (C-G) were photographed using transmitted light to accentuate the detection of faint melanin. Note that these mutants all had normal leucophores ( p ).
White or dull leucophores. Initially, leucophores under the brain and in the body are white or whitish, but in WTs they rapidly become more orange (incident light) or brownish (transmitted). However, in wl-2 mutants, although leucophores were formed in the normal numbers and locations, they remained white (Fig. 4C) .
In wl-2, although white, the leucophores were nevertheless prominent, but in mutants for four other loci (ci, fl, fl-4 and vl-2) leucophores were duller and paler or greyer than in WTs (Fig. 4A,D ,E,G,J). In these mutants, the apparent cell number sometimes appeared reduced, but since individual leucophores showed variable intensity of pigmentation and since some individual embryos had similar leucophore numbers to WTs, we interpret these phenotypes as reflecting defects in leucophore differentiation and propose that the apparent reduction in cell number in some individuals is an artefact. As early markers for leucophore differentiation become available this proposition will be testable. In three of these four mutants, the early appearing hindbrain leucophores showed a defect in pigment intensity too, suggesting a general defect in pigment synthesis, transport or organelle targeting. Mutants at the fourth locus, ci, were curious because their phenotype showed two interesting features. Firstly, it appeared to affect only the later-appearing body leucophores and secondly mutants showed a melanophore defect, Fig. 4 . Leucophore mutant phenotypes. WT leucophores were rich creamy-orange in colour and were prominent whether examined in a WT (A) or b (B) background. Leucophores lacked cream or orange colouration in wl-2 mutants, being white instead (C). In contrast in fl mutants, leucophores were clearly very dull whitish in appearance, although their number was unaffected (D). A similar phenotype was seen in fl-4 mutants, although here the appearance of individual leucophores was more variable (E). This variability was more pronounced in vl-2 (G) and fl-5 mutants; in the latter case this appeared to reflect delayed differentiation, since the apparent cell number was significantly recovered by 13 dpf, although variable intensity of pigmentation was still prominent (H). In lf and lf-2 mutants, leucophores were not seen (F,I). ci mutants showed dull, whitish leucophores (J), reminiscent of fl mutants, but ventral views of the anterior trunk also showed reductions in melanophores in the YSC (L) compared with WTs (K). Two mutants, vl-1 and vl-3, initially showed normal numbers of leucophores, but their disappearance in the anterior regions became visible late in embryonic development. This loss invariably began in the head region and affected the DS; persistent leucophores are highlighted ( p ; M,N). The hindbrain leucophores remained unaffected (out of focus orange in the head region). Note that panel H shows 13 dpf larva; rest all 10 dpf.
with fewer melanophores associated with the YSC (Fig. 4K,L) , whilst other stripes looked normal. It will be of interest to establish whether melanophore cell number or just differentiation is affected in the former site. Finally a sixth locus affected leucophore pigmentation, but was unique since the phenotype appeared to recover partially with age. Thus, fl-5 mutants at younger stages appeared to have decreased numbers of leucophores, but by 10 dpf the numbers were approximately normal. Consistent with the interpretation of these observations as delayed differentiation, even at 13 dpf, although the number of leucophores was normal, the intensity of pigmentation and the size of the cells were variable (Fig. 4H) .
Dull iridophores. Mutants at one locus, gu, showed clear defects in iridophore differentiation, but no other chromatophore (Fig. 5I) . From as soon as they were visible and in both the eye and the VS, iridophores, but not leucophores, were duller and whiter than in WTs.
Poor chromatophore differentiation. Mutants for four loci (gu-3, mo, vc and wl) combined defects in differentiation of two or more chromatophore types (Fig. 5) . All showed pale melanisation, but differed from the pale melanin mutants above in that the phenotype was very variable between individual cells, even within one individual; in wl and vc mutants this melanin phenotype was combined with variability in the size and shape of melanophores (Fig. 5E,K) . All four mutants in this subclass also showed variably duller body leucophores, with the apparently decreased cell number similar to mutants of loci like vl-2, and three (gu-3, mo and wl) have paler hindbrain Fig. 5 . Multiple chromatophore mutant phenotypes. WT melanophores and leucophores of the DS (A,D,J) and iridophores on the eye (F) showed consistent levels of pigmentation. In contrast, gu-3, mo and wl mutants showed variable intensity of pigmentation of melanophores and leucophores (B,C,E, respectively). The former two mutants showed defective iridophore pigmentation (G,H). Note also that all three showed poor differentiation of xanthophores, as seen by the reduced yellow colouration of the head (G,H). Poor differentiation of melanophores and body leucophores was seen in vc mutants, although xanthophores and iridophores appeared normal (K). gu mutants showed an iridophore differentiation defect reminiscent of that gu-3 mutants, but no other chromatophore defects. gu photographed at 9 dpf; wl mutants photographed at 8 dpf, prior to hatching. leucophores, also reminiscent of vl-2 and related mutants (Fig. 5B,C,E) . In addition to these defects in melanophores and leucophores, wl mutants show axanthic xanthophores (data not shown), while mo and gu-3 mutants have dull, whitish iridophores and paler xanthophores (Fig. 5G,H) .
Chromatophore maintenance or survival
In this class of mutants, pigment cells initially formed in normal numbers and patterns, but at a later stage (prior to 9 dpf) some cells became less prominent (duller) or the pattern became incomplete. Thus, these mutants appeared to show a loss of differentiated cells (Fig. 4) . Three such loci (dg, vl-1, vl-3) affecting leucophores were in the collection and in all cases only body leucophores were affected by 10 dpf (Fig. 4M,N) . All showed onset of loss of leucophores beginning in the head at around 8 or 9 dpf.
Reduced chromatophore number
Mutants for three loci, de, fm and fm-2, showed a distinctive phenotype with clearly reduced melanophore number (Fig. 6) . The severity of the phenotypes differed between the three loci, with fm being clearly stronger in effect than the other two. Initially, melanophore numbers appeared normal, but by 3 dpf distal regions of the stripes showed prominent decreases, which persisted to hatching. As the pattern developed it was clear that different stripes were affected to different degrees. The YSC was consistently most weakly affected. Although prominent in fm (Fig. 6D) , the YSC phenotype was difficult to detect in de and fm-2 mutants; consistent with this, the phenotype was also weak in the trunk regions of the stripes. In contrast, the DS above the fore-and midbrain regions was prominently affected (Fig. 6A,C,G,H) and DS, LS and VS were all strongly affected in the tail (Fig. 6J,L,N) . Furthermore, of the three melanophore stripes, the LS was usually most strongly affected and the VS the most weakly affected, with the DS being intermediate. In de and fm mutants melanophore morphology and pigmentation initially appeared similar to WTs, whereas in fm-2 mutants melanophores were initially paler and smaller than in WTs; indeed, in the YSC of fm-2 mutants, where melanophore number was approximately normal, the only clear phenotype was paler brown melanophores. That said, at around hatching stages remaining melanophores looked normal in de and fm-2 mutants, but were distinctly smaller in fm embryos (Fig. 6C,D,H,J,L,N) . In addition to the defects in apparent melanophore number, leucophore number was also affected, this being clearest in the DS, especially distally in the tail, and weak or undetectable in the VS; hindbrain leucophores were not obviously affected ( Fig. 6C,H ; data not shown).
Tomita describes the phenotype of lf mutants as being without visible leucophores throughout embryonic and adult life (Tomita, 1992b) . Our observations concur with this view (Fig. 4) . Similarly, lf-2 mutants (Fig. 4) have a severe lack of leucophores, although in this mutant we did see occasional escaper cells that looked normal. The latter mutant is thus phenotypically analogous to the zebrafish shady and nacre mutants Lister et al., 1999) . Since in almost all the other leucophore mutants we see variability in leucophore phenotype, we consider that the severe and consistent absence of detectable leucophores in lf and lf-2 mutants make it most likely that these mutants lack the leucophore cell-type, rather than simply not being pigmented. This will become testable as leucophore markers become available. In addition, both mutants show no visible xanthophore pigmentation, although for lf this is likely due to linkage to r (Lamoreux, personal communication).
Increased chromatophore number
The appearance of ml-3 mutants was striking, with a pronounced excess of leucophores in the DS (Fig. 7) . This phenotype affected the whole length of the axis, but was restricted to the DS: VS and hindbrain leucophores were found in normal numbers. The leucophore defect coincided with a defect in xanthophores, which were apparently absent, even under DIC optics. The excess leucophores in the head were scattered throughout the normal regions (i.e. the pattern was unchanged, but the density of leucophores was increased), whereas in the body the pattern of leucophores was also changed, with many cells lying more laterally over the dorsal surface of the muscle blocks. The medial stripe of leucophores characteristic of the WT was less pronounced. Although this lateral scatter was reminiscent of a normal phase in development of the WT leucophore pattern (leucophores are initially scattered laterally, but then refine to a medial stripe), the excessive number and the continued wide spread of leucophores were features novel to the phenotype.
This striking phenotype was worthy of further investigation, particularly asking whether (i) all leucophores were increased in numbers and (ii) how early the number was affected. Unfortunately, at present there are no known markers of leucoblasts, so we could not address the number of precursors, but counts of leucophores from early stages showed that both hindbrain leucophores and tail DS leucophores were significantly increased in number from early stages ( Fig. 8; data not shown) . Thus, only occasional leucophores were seen in the DS of the tail of WTs up to 3.5 dpf, but by 4.5 dpf leucophores were seen in the tail of all embryos; initially this was only a small number, but this increased steadily to around 45 by 7.5 dpf. Interestingly, ml-3 mutants also had only occasional leucophores in the tail DS up to 3.5 dpf, but by 4.5 dpf there was a 7-fold increase over WTs. This number also increased steadily for 2 more days, but saturated by about 6.5 dpf at a level nearly 2-fold more than ever seen in WT embryos.
Abnormal chromatophore pattern
The Da mutant phenotype has been well-characterised in both adult and embryonic stages (Tamiya et al., 1997; Tomita, 1992a) , consisting of a near-perfect dorsal duplication of the ventral tail. In terms of pigmentation, the effect is that in the tail the normal medial stripe of DS melanophores is replaced by a bilaterally symmetric pair of Fig. 6 . Decreased melanophore and leucophore number phenotypes. Mutants for each of fm (C,D,F), de (L,N) and fm-2 (H,J) showed reduced numbers of melanophores, shown here for DS of each (C,H,L) and LS of fm-2 and de (I,J,M,N) and for ventral views of YSC (D) and VS (F) of fm, compared with WTs (A,B,E,G,I,K,M). In each mutant, the severity of the phenotype was most pronounced in the LS and in the anteriormost (over midbrain/forebrain) DS and in the posteriormost (tail) DS. In the VS the phenotype was best seen posteriorly (tail). Reduced leucophore number was also seen in the DS using incident illumination ( fm, C; fm-2, H). Note that the relative phenotypic strength was in the following order: fm . fm-2 . de . WT. By 10 dpf, melanophore size and shape was variably abnormal in fm, but not in fm-2 or de mutants. Note that de was photographed at 9 dpf, rest at 10 dpf.
'tramtracks' duplicating the VS. The leucophore phenotype had not been described before; we have observed that the leucophore pattern of the tail DS also showed dorsal duplication of the VS pattern (Fig. 9) . However, the duplication was less perfect than that of the melanophores and seemed to be generated more slowly. Thus, the duplication of the melanophore pattern was seen from very early stages of tail DS formation (Stage 27 at least), whereas initially the leucophores in the tail adopted the more medial pattern characteristic of the WT DS. Only later, around 5 -6 dpf did they show clear signs of the lateral arrangement characteristic of the WT VS. Although xanthophores were certainly present in the DS region of Da mutants, it is not clear whether they were affected in their numbers or distribution. Difficulties in accurately visualising xanthophores means that molecular markers of this cell-type will need to be used to clarify this point.
de, fm and fm-2 mutants have reduced melanoblast number
The de, fm and fm-2 mutant phenotypes are all strikingly reminiscent of sparse mutants in zebrafish, sharing the weak-strong reduction in body melanophores, with this defect being most prominent in the distalmost regions of all stripes and the anteriormost DS Parichy et al., 1999; Streisinger et al., 1986) . The sparse phenotype reflects functions for sparse/kit in melanophore migration and survival (Parichy et al., 1999) . To document the de, fm and fm-2 phenotypes more carefully we counted melanophore and leucophore numbers in selected tail stripes of all mutants and WT embryos at daily intervals (Fig. 8) .
As soon as leucophores were reliably present in the DS (4.5 dpf onwards), we found significantly fewer in all mutants, with approximately 50% of the WT number at all stages examined; the effect was somewhat weaker for fm than the other two mutant genotypes. Melanophore number in the LS showed significant differences from 3.5 dpf (when melanophores were reliably present in WTs). In all cases, the melanophore number climbed steadily and then reached a plateau from around 5 dpf. In WTs the number reaches around 40 LS melanophores (20 per side), but in the mutants these were reduced to around 65, 25 and 6% of this value in de, fm-2 and fm mutants respectively. Likewise, melanophore number in the DS of all mutants was significantly lower from 3.5 dpf (again when WTs reliably have tail DS melanophores). The numbers remained lower than in WTs, although the effect was weakest in de mutants.
Thus, from the earliest stages, melanophore and leucophore number was reduced in all mutants of this class. This suggested that either fewer progenitor cells Fig. 7 . ml-3 Mutants showed a striking increase in leucophore number in the DS, with many in ectopic locations (e.g. dorsolateral trunk/tail). Note also that xanthophores, visible as a yellow colouration detectable over eyes and yolk sac of WTs ( p ,A) are absent in ml-3 mutants (B); examination with DIC optics suggests that cells are very immature or absent, since the characteristic granularity of xanthophores is lacking (data not shown). Fig. 8 . Quantitation of chromatophore phenotypes in mutants affecting chromatophore number. Mean counts of tail melanophores and leucophores in DS or LS of WT (blue), de (pink), fm (yellow), fm-2 (turquoise) and ml-3 (mauve) are plotted against age; error bars represent 95% confidence intervals. In WTs and de mutants, the density of DS melanophores was too great to count them readily by 6.5 and 7.5 dpf, respectively. In fm and fm-2 the numbers saturate by 5.5 dpf and remain countable. n ¼ 10 for de; n . 14 for other genotypes.
(melanoblasts and leucoblasts) were formed or that these failed to survive or differentiate. The lack of leucoblast markers prevented our investigating the leucoblast phenotype, but the tyrosinase gene was available as a marker for amelanotic melanophores (Inagaki et al., 1994) . We used in situ hybridisation with sense and antisense probes for this gene on de and fm mutants at a stage when melanophores are appearing in the LS (4 dpf) to address this point (Fig. 10) . Fig. 10 . Melanophore lineage cell number is reduced in LS of de and fm mutants. In situ hybridisation for tyrosinase anti-sense (a-s) probe in 4 dpf embryos revealed expression (purple, p ) in amelanotic melanophores in i-3 mutants (A) and pigmenting melanoblasts (arrowheads) in WT (B), whereas no signal was seen with sense probe (C). In fm mutants, extensive holes in melanophore pattern (e.g. in basal tail, (E)) were also devoid of tyrosinase þ melanoblasts (see also posterior tail in (D); compare i-3 tail in (A)). A similar, but much less severe defect in melanoblasts numbers was seen in de mutants (F).
Albino embryos of the i-3 genotype were used as positive controls; although these fish lack all melanin in the body melanophores, the antisense (but not the sense) tyrosinase in situ probes clearly showed the presence of amelanotic melanophores in a pattern identical to the normal melanophore pattern (Fig. 10A,B) . In contrast, both de and fm mutants showed gaps in the pattern of LS melanophores; tyrosinase in situs showed that these gaps did not contain amelanotic melanophores, showing that melanoblast numbers were reduced (Fig. 10D -F) .
Discussion
The Tomita collection contains mutants displaying a great variety of chromatophore defects. These medaka mutants were isolated for their adult phenotypes; in contrast, the zebrafish pigment mutants have mostly been selected for their embryonic phenotypes. It was interesting, therefore, to compare the range and frequency of defects represented in the two collections. Table 2 summarises our favoured interpretation of the phenotypes for these mutants, using the framework established for the Tuebingen 1996 collection of zebrafish mutants . As expected, chromatophore differentiation phenotypes (e.g. pale melanophores) were frequent (63/94 zebrafish; 19/40 medaka) in both collections. Inevitably, some categories are not represented in one or other collection, due to the presence of an extra cell-type (leucophore) in medaka and sometimes, presumably, to an effect of sampling error (e.g. pale melanophores, dull iridophores). In that sense, these two large collections provide mutually complementary resources for study of vertebrate pigmentation. Both collections provide candidate genes for the various processes of chromatophore development from the neural crest: fate specification (Classes I-II), regulation of cell number (Classes III and the novel ml-3), pigment pattern formation (Class IV), chromatophore survival (Class VI) and chromatophore differentiation (Class VI -VII) (see Kelsh et al., 1996 for full discussion of the relationship between phenotype categories and possible developmental roles). In essence, this classification presents a series of hypotheses regarding the process of neural crest development that we believe is affected in each case. As molecular markers for each of the medaka chromatophores become available, these hypotheses will become testable.
Although in some cases the absence of a mutant class is likely just a sampling artifact, in other cases the absence of certain categories is more interesting. Thus, for example, there were 25 zebrafish loci with mutant phenotypes involving melanophore degeneration, whereas only one medaka mutant shows this phenotype. Since these degeneration mutants often showed more widespread necrosis defects, it is likely that mutants in this category are rarely adult viable due to pleiotropic effects of the loci involved and therefore would have been selected against in the wild populations sampled by Tomita.
The mouse pigmentation mutant resource is extensive and increasingly well-studied (Bennett and Lamoreux, 2003) . Most mouse pigmentation loci were isolated as spontaneous alleles and thus are similar in origin to the medaka mutants studied here, although systematic mutagenesis screens are now supplementing these. In either case, mutants have been selected on the basis of adult/neonate phenotype. Furthermore, the difficulty of observing embryonic pigment cells in the mouse embryo mean that most mouse mutants have been described primarily as adult phenotypes (Bennett, 1993; Bennett and Lamoreux, 2003; Jackson, 1994; Lyon and Searle, 1989) . The significant differences in the way in which pigmentation is presented (skin chromatophores versus hair) and the restriction of mouse neural crest to only one pigment cell derivative complicate the global comparison of the mouse and fish pigmentation mutants. However, reduced melanocyte number (white-spotting), abnormal melanocyte pigmentation (albinism) and abnormal melanosome movement (dilutedtype) classes can all be recognised in these adult phenotypes and in some cases have been investigated in detail in embryos too (Southard-Smith et al., 1998; Wehrle-Haller and Weston, 1995) . We attempt a comparative classification of many of the mouse pigmentation loci ( Table 2 ). Although that classification is partly speculative, it indicates that the range of melanophore/cyte phenotypes in the medaka and mouse collections are similar. Interestingly, the 'Melanophore/cyte degeneration' category is similarly underrepresented in the mouse and medaka collections compared with the zebrafish, consistent with the screening methodologies used to derive these collections.
The mutant phenotypes of two loci stand out as being novel to the medaka collection. Da has been noted before and is the subject of ongoing study (Tamiya et al., 1997) . ml-3 mutants are notable for the dramatic and early increase in leucophores. None of the Tuebingen 1996 collection shows an obvious increase in cell number for any chromatophore. Indeed, in zebrafish, such a phenotype has only been reported for nacre/mitfa mutants, which show a small increase in iridophore number, as well as a complete loss of melanophores (Lister et al., 1999) . The parallel with ml-3 may be rather strong, since we noted no obvious sign of xanthophores. A detailed study to investigate this parallel will await isolation of early xanthophore markers.
Similarities with described adult phenotypes
Some zebrafish pigmentation mutants have been demonstrated to be adult viable Johnson et al., 1995; Lister et al., 1999; Parichy et al., 1999 Parichy et al., , 2000a Rawls and Johnson, 2000) . In these cases, mutations affecting genes required for chromatophore differentiation (e.g. albino) show similar defects in adult and embryo, whereas mutations affecting chromatophore number or survival have less predictable effects in the adult (e.g. fms). In other cases, the phenotype is seen only in the adult or embryonic stages (e.g. asterix; Haffter et al., 1996) . The adult phenotypes of the medaka mutants examined here have all been described. Thus it was possible to compare the adult and embryonic phenotypes of a wide range of pigmentation mutants. When performed for the 40 genes examined here, we were able to test the conclusions reached from the small sample of zebrafish genes. In the majority of cases, the embryonic and adult phenotypes were clearly related (compare Tables 2 and 3) . Interestingly, this extended to those mutations affecting melanophore number (e.g. de), in which the adult phenotype clearly reflected (7) 1 dm Compact X 1 co Expanded leucophores 1 dm-2 No embryonic phenotype 0 7 di, dx-1, dx-2, fl-2, il-1, r, r d , Va
Mouse genes are indicated according to likely role, based primarily on adult phenotypes. Categories novel to medaka are highlighted in bold. a Based on Kelsh et al. (1996) . b This work. c Modified from Bennett and Lamoreux (2003) and Lyon and Searle (1989) and Mouse Genome Informatics website (http://www.informatics.jax.org/ searches/marker_form.shtml). Note that assignment to class provisional, and in some cases has not been attempted, since usually only adult phenotype described.
d This class is particularly difficult to classify based on adult phenotype. Some of these may turn out to represent 'delayed melanocyte differentiation' or early acting 'melanocyte degeneration phenotypes'. Furthermore it is likely that their fish orthologues may show functions in other pigment cell types in addition to melanophores. the embryonic one. The contrast of this result with that of analogous mutants in zebrafish is interesting. The adult pigment pattern of medaka is simpler than that of zebrafish, consisting mostly of chromatophores scattered in the skin, rather than a complex series of stripes. The difficulties of predicting in zebrafish the adult phenotype from the embryonic phenotype are likely to result from the complex, novel patterning mechanisms that generate the adult zebrafish stripes (Johnson et al., 1995; Parichy et al., 2000b; Parichy and Turner, 2003) . Thus, loss of one chromatophore type in zebrafish tends to have effects on other cell-types and their interactions during stripe formation, resulting in unexpected pattern changes.
Where differences from the adult phenotype are seen, this sometimes reveals unexpected complexities of gene function. Thus, the ci locus shows increased leucophore numbers and decreased melanophores and xanthophore pigmentation in the adult (Takeuchi, 1969; Tomita, 1975 ), yet in embryos it results in duller leucophores and an absence of melanophores specifically in the YSC. The cloning of this locus will be an important step towards understanding the complex role of this gene.
Nine mutants with no embryonic phenotype are likely to include those affecting genes that have only adult roles. Interestingly, one class of loci, those affecting adult xanthophore pigmentation, consistently lacked a detectable embryonic phenotype. Thus, all four unpigmented or abnormally pigmented xanthophore mutants showed no embryonic phenotype. Likewise, ci mutants in adults show a decrease in apparent xanthophore number due to reduced pigmentation (Tomita, 1975) , but also lacked an embryonic xanthophore phenotype. Since xanthophore pigmentation consists both of dietary carotenoids and synthesised pteridine pigments, one explanation for the lack of embryonic phenotypes in these classes is that the embryonic xanthophore pigmentation is primarily derived from pigments supplied maternally in the yolk (Takeuchi, 1960 , 1967 , referenced in Hama, 1975 . The genes in the mutants would all then be predicted to affect pteridine synthetic pathways that are only important for xanthophore colouration at later stages.
Overlap with zebrafish pigmentation gene collections
The parallels between the embryonic phenotypes recorded here in the medaka mutants with those previously described in zebrafish are striking. For common phenotypes, such as albinism, gene mapping, synteny comparisons and eventually gene cloning will be required to evaluate which individual loci are in fact orthologous between the two species, just as cloning has permitted the identification of orthologous phenotypes in mouse and medaka, e.g. the albinism loci underwhite and b (Du and Fisher, 2002; Fukamachi et al., 2001; Newton et al., 2001) .
The three decreased melanophore number loci in zebrafish were all noted as phenotypically reminiscent of cloned mouse pigmentation loci and were consequently readily cloned by a candidate gene approach (Dutton et al., 2001b; Lister et al., 1999; Parichy et al., 1999) . The recognition of parallel phenotypes in medaka may also therefore indicate candidates. Thus, in embryonic zebrafish, weak alleles or antisense morpholino-mediated gene knockdowns for colourless/sox10, nacre/mitf and strong alleles of sparse/kit show reduced melanophore number, most prominent in the tail and anterior head, and affecting stripes in proportion to their distance from the neural crest (Dutton et al., 2001a; Kelsh et al., 1996; Lister et al., 1999; Malicki et al., 1996) . colourless/sox10 mutants are not adult viable, but adult homozygous nacre/mitfa mutants lack body melanophores, except occasionally for a few escaper melanophores in the fins (Lister et al., 1999) ; in adult sparse/kit mutants the stripes are slightly irregular and the epidermal melanophores of the dorsum are lost (Johnson et al., 1995) . Three of the medaka loci studied here (de, fm and fm-2) show embryonic and adult phenotypes of decreased melanophore numbers (see Fig. 1G -I for adult and Figs. 6, 8 and 10 for embryonic phenotypes); furthermore, these phenotypes are strikingly similar to those of zebrafish nacre/mitfa and sparse/kit mutants, although intriguingly no individual mutant shows similar embryonic and adult phenotypes to one of the zebrafish mutants. For example, the embryonic phenotype of fm mutants is highly reminiscent of the zebrafish sparse/ kit mutant, showing small melanophores and decreased melanophores in the tail and anterior head, with a graded phenotype in the body stripes. Although the order of this graded effect (LS . DS . VS . YSC) differed in its details from that in similar zebrafish mutants, we note that in each species stripes are affected in inverse proportion to the order of their appearance in the embryo (Kimmel et al., 1995; R.N.K., unpublished observation) . However, in adults, the fm phenotype is almost identical to that of zebrafish nacre/mitfa mutants, with no body melanophores, except variably in the tail fin. Intriguingly, leucophore loss is pronounced in these medaka mutants; zebrafish embryos lack leucophores, but we note that leucophores are lost from the adult tail fin in sparse/kit mutants (Johnson et al., 1995) . Since none of these mutant phenotypes are exactly equivalent to a zebrafish mutant phenotype and since allele strengths are unknown in all cases, it remains unclear which locus might be expected to correspond to which of the zebrafish loci. The large number of 'white spotting' mutants in mice suggest that further candidate genes will need to be considered too. However, the zebrafish genes are functionally linked in a regulatory network controlling melanophore fate specification (colourless/sox10 and nacre/mitfa) and survival (sparse/kit); sox10 directly regulates mitfa transcription and mitfa is necessary for kit expression (Elworthy et al., 2003; Lister et al., 1999; Parichy et al., 1999) . Hence, we propose that the medaka genes are players in this same pathway of melanophore specification and survival and may well include orthologues of mitfa and kit.
Cloning of medaka and zebrafish pigment loci is currently in its infancy. Inevitably, the first examples have focused on those where a clear candidate gene could be identified (Dutton et al., 2001b; Koga et al., 1995; Lister et al., 1999; Parichy et al., 1999 Parichy et al., , 2000a , but recently positional cloning approaches have been used to identify novel mutants (e.g. Fukamachi et al., 2001 ; S.S. Lopes and R.N.K., in preparation). It is the latter studies, accelerated by the ongoing Genome Projects for these two species, which promise to add dramatically to our understanding of how the full spectrum of pigment cells develop from the neural crest. Thus, the recent mapping of the Da locus (Ohtsuka et al., 1999) means that the identification of this body axis patterning gene is likely to emerge soon. Likewise, identification of the zebrafish mother-of-pearl locus, which shows a similar, but more variegated, ventralised phenotype will also be exciting (Johnson, personal communication) . As these loci become cloned, the extensive mammalian pigmentation resources will allow direct comparison with mouse and human orthologues. The list of cloned mouse pigmentation mutants is impressive and still growing (Bennett and Lamoreux, 2003) , so it will be increasingly easy to relate zebrafish and medaka mutant phenotypes to those of their mouse orthologues. The medaka embryonic phenotypes characterised here will provide a wealth of material for the study of fish pigmentation and neural crest development. In this regard, the availability of the two fish model species, together with the mouse and human data, will prove mutually complementary and will broaden the opportunities for informative evo-devo studies.
Experimental procedures
Mutant strains. The adult pigmentation defects of the Tomita strains are summarised in Table 3 ; a few are illustrated in Fig. 1E -I . Note that the fl-5 mutant strain is published here for the first time. It was isolated by Tomita (date and location now lost), but its linkage and complementation relationships are unknown. We include it here because of its unique pigment phenotype.
Fish husbandry. Embryos from Nagoya WT (known to medaka researchers as BR (Aida, 1921) , but here symbolised by WT) or homozygous (heterozygous for Va) mutant parents were raised under standard conditions (deionized water plus 0.5 ppm methylene blue at 26 8C) and examined under an MZAPO (Leica) dissecting microscope at stages between 1 and 13 dpf. Embryos were staged using standard criteria (Iwamatsu, 1994) and pigmentation phenotypes scored by comparison with WT embryos at appropriate stages. Xanthophore phenotypes were examined by DIC under a BX50 (Olympus) microscope, using the granularity and pigmentation as characteristics of these cells Odenthal et al., 1996) . We attributed embryonic phenotypes observed to the same locus as gives the adult phenotype. However, since these phenotypes were analysed in true-breeding lines it is conceivable that the embryonic phenotypes observed were partially independent of the genes responsible for the adult phenotypes. Of course, this is particularly unlikely where the adult and embryonic phenotypes are comparable.
Photography. Embryos were photographed using transmitted or incident light under a MZAPO (Leica) dissecting microscope using a Coolpix 995 (Nikon) digital camera. Images were compiled and processed using Photoshop 6.0 (Adobe). Xanthophore phenotypes were photographed using a Coolpix 995 (Nikon) camera attached to a BX50 (Olympus) microscope.
Pigment cell counts. Embryos from homozygous parents were collected and raised at 26 8C under standard conditions. Melanophores were counted in the tail dorsal and LS in de, fm, fm-2 and WT embryos and hindbrain iridophores and DS iridophores in the trunk of ml-3 and WT at 24 h intervals.
mRNA in situ hybridisation. Embryos at stages 23 -26 and 32 were fixed at 4 8C overnight in 4% paraformaldehyde. In situ hybridisation with a tyrosinase probe (Koga and Hori, 1997) was performed essentially as in (Momoi et al., 2003) .
